Abstract. Manifestation of Ricci scalar like a matter field as well as a geometrical field, at high energy, has been noted earlier [9] , Here, its interaction, with another scalar field is considered in four-dimensional curved space-time. This interaction leads to the production of a large number of pairs of spinless particle-antiparticle due to expansion of the early universe in the vacuum state (provided by temperature dependent Coleman-Weinberg like potential for Ricci field), where spontaneous symmetry breaking takes place.
Introduction
In spite of its success at low energy (long distance), Einstein's theory of gravity is problematic at high energy. According to Hawking-Penrose theorem [1] , the field equations of Einstein's theory exhibit point-like singularities, where physical laws collapse. This is the 'first problem. The second problem is the failure of attempts to renormalize Einstein's theory of gravity. Hence this theory needs modification at least at high energy levels. In this context R 2 -gravity [2] - [10] is very interesting which incorporates the general principle of covariance and reduces to Einsteinian gravity at low energy. jR 2 -gravity is obtained by adding K 2 -terms (like R 2 , R^R 11 * and R flvpa R fiVpcr , where R is Ricci scalar, R^ are components of Ricci tensor and R^v pa . are components of Riemann-Curvature tensor) to the Einstein-Hilbert lagrangian which is linear in R. According to the definition of R, R^v and R^^, one knows that these geometrical quantities involve second order derivatives of components of the metric tensor as well as square of the first order derivatives of the same with respect to space-time coordinates. Components of the metric tensor are defined as ds 2 = ^vdxMx v , (1.1) where /*, v = 0,1,2,3-It is obvious from (1.1) that g^ are dimensionless. So, in natural units (h = c = k B = 1, where h, c and k s have their usual meaning), the dimension of R, R^v and R MVp(T is (mass) 2 . Hence, J R 2 -terms are insignificant at low energy but are very important at high energy level. Importance of R 2 -gravity was realized in the context of renormalizability of gravity and R 2 -terms also appear as stringy correction to Einstein-Hilbert lagrangian [11] . Some authors [12] have considered lagrangian
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containing polynomial of R of order higher than two also and have obtained some interesting results. But in these theories, either coupling constants are not dimensionless or dimensionality of space-time is taken to be more than 4. In such cases, the theory is not renormalizable. The present paper deals with /? 2 -gravity with action given as r r T? ~\
where G is the gravitational constant of dimension (mass)" 2 , g is the determinant of g and coupling constants (b, c and d) are dimensionless.
Taking the above action for gravity (S g , given by (1.2)), it has been discussed earlier [9, 10] that, at high energy, R manifests itself not only as a geometrical field, but also as a spinless matter field. This kind of dual nature of R, at high energy, is very interesting as well as useful. In quantum field theory, fields describe elementary particles. So, Ricci scalar R is supposed to describe ^-quanta, called as Riccions [10] , which are spinless bosons.
In the present paper, taking the material aspect of the Ricci scalar, the main focus lies on interactions of spinless Bose field R = rjR (where r\ is a parameter of unit magnitude and length dimension) with another scalar field 0 and its implications in the inflationary model obtained after spontaneous symmetry breaking in the theory with temperature dependent Coleman-Weinberg like potential for R. The interaction term is defined as Lj = jAR 2 (fr 2 . When R undergoes spontaneous ^symmetry breaking it leads to a phase transition from the state £R> = 0 to <./?> = ± a (a is the spontaneous symmetry breaking mass scale and <j?> is the vacuum expectation value of-R which is homogeneous). So long as temperature Tis above or equal to the critical temperature T c , <!?> remains confined to the state <.R> = 0. But as T falls very much below T e , <.R> tunnels through the temperature barrier (T = TJ and acquires a nonzero constant value </?> = + a. As a result, other scalar field (j > is massless in the state <jR> = 0 and acquires non-vanishing mass in the state (R.y = ± o. It is demonstrated that a large number of particle-antiparticle pairs are created due to exponentially expanding model of the early universe in the state </?> = + a.
The paper is organized as follows. Section 2 deals with spontaneous symmetry breaking using temperature dependent Coleman-Weinberg-like potential for R in place of temperature dependent Higgs-like potential used in [9] . Taking the geometrical aspect of R, it is found that the state (R> = -G behaves like bumps in the rapidly expanding model of the early universe given by the state <.R> = + a. In this section, it is also discussed that a huge amount of energy will be released as a result of spontaneous symmetry breaking. In § 3, the Klein-Gordon equation for </> is derived and normalized solutions of the same have been obtained. Section 4 contains discussions concerning creation of particles. Section 5 is the concluding section where energy of the created particles is calculated. The natural units are used throughout the paper.
Spontaneous symmetry breaking
The four-dimensional generalization of Gauss-Bonnet theorem implies that Taking the above action for gravity (S g , given by (1.2)), it has been discussed earlier [9, 10] that, at high energy, R manifests itself not only as a geometrical field, but also as a spinless matter field. This kind of dual nature of R, at high energy, is very interesting as well as useful. In quantum field theory, fields describe elementary particles. So, Ricci scalar R is supposed to describe ^-quanta, called as Riccions [10] , which are spinless bosons.
The four-dimensional generalization of Gauss-Bonnet theorem implies that
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The vacuum states are given by 
A spatially homogeneous, flat and isotropic cosmological model of the early universe is given by the Robertson-Walker line-element
The geometrical definition of R in the model, given by the line-element (2.10), yields
where dot denotes derivative with respect to cosmic time t. R given by (2.11), is independent of spatial coordinates, so # = </?>. Now, the ordinary differential equation, in the state <jR> = 0, is given as which implies that 0 < a(t) ^ a 0 (as discussed above a(t) =£ 0 and a(t), being scale factor, cannot be negative or complex number). Thus, the state <&> = -cr may behave like a small bubble of size a(t) such that r^a(t)^a 0 (here r is a very small non-zero number). It is interesting to see (from (2.18)) that at t = t fl , a = a 0 . As t increases, a(t) decreases to the smallest non-zero number r at t = t Q + (rjo.^n/4) and it remains equal to r till t = t 0 + (3?ja §7t/4). When t > t Q + (2^05 7t/4), a(t) increases to a 0 at time t = t 0 + rja^n. This cycle keeps on repeating, so long as jR 2 -terms are significant in gravitational dynamics. Thus it is interesting to see that the state </?> = -a behaves like bumps in the cosmological model of the early universe, given by the state <R> = a, which expands rapidly with scale factor a (t) obeying (2.16).
Another interesting point (which is important to mention here) is that at t = t 0 , when T« T c , a huge amount of energy will get released with density
T'he gravitational energy so released will be converted into particles and radiation increasing entropy of the universe.
R and 4> interaction and solution of Klein-Gordon equation for $
Manifestation of material aspect of Ricci scalar, at high energy, encourages one to study a theory involving interaction of R and 0. The action for such a theory, in which implies that 0 < a(t) ^ a 0 (as discussed above a(t) =£ 0 and a(t), being scale factor, cannot be negative or complex number). Thus, the state <&> = -cr may behave like a small bubble of size a(t) such that r^a(t)^a 0 (here r is a very small non-zero number). It is interesting to see (from (2.18)) that at t = t fl , a = a 0 . As t increases, a(t) decreases to the smallest non-zero number r at t = t Q + (rjo.^n/4) and it remains equal to r till t = t 0 + (3?ja §7t/4). When t > t Q + (2^05 7t/4), a(t) increases to a 0 at time t = t 0 + rja^n. This cycle keeps on repeating, so long as jR 2 -terms are significant in gravitational dynamics. Thus it is interesting to see that the state </?> = -a behaves like bumps in the cosmological model of the early universe, given by the state <R> = a, which expands rapidly with scale factor a (t) obeying (2.16).
Manifestation of material aspect of Ricci scalar, at high energy, encourages one to study a theory involving interaction of R and 0. The action for such a theory, in 2 is the non-minimal coupling term of (j) with gravity alongwith non-minimal coupling constant £ (which is dimensionless) and /LR 2 0 2 is the R -(j)^ interaction term with dimensionless coupling constant L Here, (£77 ~lR + A,R 2 )<[> 2 is the mass term which vanishes in the state <#> = 0 and is equal to (± £tj~io' + /l<7
2 )^> 2 in the state (J?> = ±a. As discussed in the earlier section, the state (,R> = -a behaves like bumps only in the exponentially expanding cosmological model, so this will not be discussed hereafter.
Imposing the condition
5S
on S, given by (3.1), one gets the Klein-Gordon equation for <p as On substituting
in the differential equation (3.7b) 5 one gets the ordinary differential equation
With the definition of t, given by (3.7a), one finds that e~r < 0-41066 and e 1 ^ 2-4351. So, sinh T and coth T can be approximated as wc T /2 (3.10a) and cothT^l (3.10b) without any harm. As a result, the ordinary differential equation (3.9) can be written in a more convenient form and J^x) is Bessel's function of first kind. In (3.14), A and B have been evaluated using the approximation of Bessel's function for small arguments, given as, (3.15)
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and which should match with e in /^2v. On this kind of matching, one gets A, as given by (3.14c) . Similarly, B is also evaluated. But the solution given by (3.14) is not normalized, which is very much important to have a physically reasonable solution with correct dimensions. For the purpose of normalization, the following conditions are used After normalization at t = t 0 , one gets
where V is the volume of 3-dimensional space. Using (3.8) and (3.18), one gets
where A, B and K are given by (3.14).
Production of scalar particles
To study the spectrum of created scalar particles, in-vacuum state (t « t 0 ) denoted as |0> in is defined as
The In this case, Bessel's function can be approximated, according to (3.15) . Now, using (4.7) and (4.8) in (4.6), one can easily compute (3 +4iv Here, it is helpful to elaborate implications of the inequality (4.9). This inequality means that as cosmic time t increases beyond t 0 , the approximation of Bessel's function can be valid for higher and higher modes. It implies that if at t -t l > t 0 , . ' '9+16v 2 ' (4.11)
As o) fc , given by (4.11), is independent of k, so it is true for all k satisfying the constraint (4.9). The absolute probability of creation of 0,1,2,... particle-antiparticle pairs is given by Equation (4.14) implies that the probability of creation of infinitely many pairs of particle-anti-particle in all modes k (satisfying the constraint (4.9)) is 1. Physically, it means that infinitely many pairs of particles will be definitely created by the rapidly expanding geometry given by the line element (2.10) with From (4.10a), (4.12) and (4.13)
;-t 0 ) + 0-89l
The absolute probability that the vacuum remains vacuum i.e., no particle is created in any mode is given by lout (4.15) which is obtained using (4.10a).
The four-volume is calculated as according to inequality (4.9). It shows that particle production is possible in very high modes at t -t l . It is also clear from the inequality (4.9), that as time increases the phenomenon of particle creation can be discussed in higher and higher modes. But, as discussed above, particle creation rate T gets suppressed when t>t i and at t = t 1 modes k have upper bound given by the inequality (4.20). When t > t l , it is possible to have k such that \k\ > 8-9436(ff/12eta 3 ) 1/4 , but particle creation rate will be suppressed.
In the case •AM^hr cos x---T (4.21) \ / / \ <* z / it is found that KI 2 = l/? fc l 2 which does not satisfy the condition (4.6c). It means that particle creation is not possible in extremely high modes.
Energy of created spinless particles other than Riccions
The components of energy-momentum of created particles can be defined as [15, 18] T 
